Inhibitor of differentiation/DNA binding (Id) proteins comprise a class of helix-loop-helix transcription factors involved in proliferation, differentiation, apoptosis, and carcinogenesis. We have shown that while Id2 is induced by UVB in primary keratinocytes, Id3 is upregulated only in immortalized cells. We have now determined that the consequences of ectopic expression of Id3 protein are strikingly different between immortalized and primary keratinocytes. Overexpression of Id3 induces a significant increase in apoptotic cells as revealed by Annexin V positivity as well as proteolytic processing of caspase-3 in immortalized, but not in primary keratinocytes. Id3-green fluorescent protein (GFP)-positive cells exhibited a fivefold increase in apoptotic nuclear fragmentation compared to Id3-GFP-negative cells. These apoptotic responses were accompanied by activation of caspase-3, as shown by immunocytochemical staining with antibodies to active caspase-3. Immunostaining with antibodies to the active form of caspase-9 as well as to the active form of Bax further revealed that induction of apoptosis in Id3-overexpressing keratinocytes occurred via a mitochondrial-caspase-9-mediated pathway. Coexpression of dominant-negative caspase-9 with Id3 significantly suppressed apoptotic nuclear fragmentation, indicating that caspase-9 activation is essential for Id3-induced cell death. This response was also markedly attenuated by coexpression with the Bax antagonist antiapoptotic protein Bcl2, confirming a role for Bax activation in this apoptotic response. Id3-induced Bax activation may result from increased expression of Bax protein. Furthermore, reduction of Id3 expression by small interfering RNAs abrogated the UVB-induced proteolytic activation of caspase-3 in these cells. These data together suggest that UVB-induced apoptosis of immortalized keratinocytes is at least in part due to Id3 upregulation in these cells.
Introduction
Solar radiation, comprised of long-wave (UVA; >320 nm) and intermediate wave (UVB; emissions at the earth's surface (short wave UVC, o290 nm, is filtered by the atmosphere), has been shown to be the major etiological factor leading to the precancerous stage of actinic keratosis (AK) and to progression of skin cancers (Stratton, 2001; Cleaver and Crowley, 2002) . UVB, accounting for the major carcinogenic effect of the sun, is both a tumor initiator, inducing DNA damage and mutations, and tumor promoter, an agent that selects for the preferential survival and/or proliferation of initiated cells. Thus, selective growth inhibition or apoptosis of normal cells by tumor promoters results in the expansion of tumor cells, with further mutations and selection occurring as malignant transformation proceeds. Conversely, selective death or growth inhibition of initiated or malignant cells can lead to regression, a topic of great relevance for the design of therapeutics.
While estimates of regression and progression rates are inherently difficult, careful attempts at quantification have been made for AK, which, in the absence of treatment, have high rates of spontaneous regression, and low rates of progression to squamous cell carcinoma (SCC). Different studies have estimated the AK regression rates at 21% (Harvey et al., 1996) , 25.9% (Marks et al., 1986) , and 29% per year (Frost et al., 2000) for new lesions, and 74% per year for prevalent lesions (Frost et al., 2000) . In contrast, the rates of AK progression to SCC are much lower, with rate estimates of 0.2% (Marks et al., 1986) , 0.1% (Marks et al., 1988) , and 0-1.1% per year (Frost et al., 2000) . While the exact details are yet to be elucidated, an insight into the molecular mechanisms of AK regression can be gleaned from studies in which expression of immortalizing and survival proteins were examined in normal skin, porokeratosis, AK, SCC in situ, and invasive SCC (Park et al., 2004) . Interestingly, the majority of premalignant lesions, like the malignant lesions, demonstrated stable expression of hTERT. However, unlike their premalignant precursors, the majority of SCC in situ and invasive SCC were found to be blocked in apoptotic pathways by mechanisms such as upregulation of survivin (Park et al., 2004) or constitutive activation of Akt (Decraene et al., 2004) . It therefore appears that, despite the accumulation of p53 mutations both prior to and within AK lesions (Backvall et al., 2005) , suppression of apoptosis may be a relatively late event in multistage skin carcinogenesis.
In our system using human papillomavirus (HPV)16 E6/7 immortalized keratinocytes (KC), we found that the immortalized cells mimicked AK in that, while p53 and Rb pathways were blocked and hTERT was constitutively expressed (Park et al., 2004) , the cells were exquisitely sensitive to UVB apoptosis compared to primary KC from which they were derived (Simbulan-Rosenthal et al., 2002) . We further found that this sensitivity was due in part to downregulation of Bcl2, which resulted in the activation of caspases-9 and -3 at much lower doses of UVB (Simbulan-Rosenthal et al., 2002) . These results indicate that immortalization represents a 'transition' UVB-sensitive stage and that UVB resistance is the result of further genetic alterations that occur subsequent to immortalization. We further showed that a dominant-negative (DN) mutant of caspase-9, but not FADD-DN, blocked UVB-induced apoptosis of HPV-immortalized KC (Daher et al., 2006) . To determine the proximal signals leading to the preferential death of immortalized cells and identify genes that might be responsible for the increased sensitivity of immortalized KC, we performed microarray analysis on primary and immortalized KC exposed to UVB. We found significant alterations in the expression of selective sets of genes involved in cellular structure/adhesion, DNA repair, transcription, differentiation, and apoptosis (Simbulan-Rosenthal et al., 2005) . Three of the four known human inhibitors of differentiation and DNA binding (Id) genes , a class of helix-loop-helix (HLH) transcriptional repressors involved in differentiation, proliferation, apoptosis, and carcinogenesis were found to exhibit significant changes in expression following UVB exposure. Whereas Id1 was downregulated in both primary and immortalized cells upon UVB exposure, Id2 was only upregulated in primary KC, while Id3 was only upregulated in immortalized KC (Simbulan-Rosenthal et al., 2005) . We subsequently found that ectopic expression of Id2 in primary KC suppressed differentiation, similar to the effects of UVB, and that Id2 small interfering RNA (siRNA) blocked this UVB response, suggesting that UVB suppresses differentiation of primary KC at least in part via upregulation of Id2 (Simbulan-Rosenthal et al., 2005) .
Similar to all seven classes of the HLH family of transcription factors (Atchley and Fitch, 1997; Massari and Murre, 2000) , the Id HLH motif allows Ids to form heterodimers with class I (E proteins), and some class II proteins (MyoD, myogenin, Myf5, Myf6; (Murre et al., 1989a) . However, while all other HLH classes contain a basic DNA-binding domain at the N-terminus (hence, the designation 'bHLH') and bind consensus E-box (CANNTG), or N box (CACNAG) DNA sequences (Murre et al., 1989b; Murre et al., 1994) found in regulatory regions of many genes involved in growth, differentiation, and apoptosis, the Id proteins lack this basic region, acting as DN inhibitors of class I and II proteins. By sequestering class I proteins and preventing their interaction with class II proteins, Ids can block expression of some tissue and differentiation-specific genes (Norton, 2000) .
In addition to bHLH transcription factors, Id proteins interact with other proteins as well, including themselves (Id2 homodimerizes; Liu et al., 2000) , hypophosphorylated Rb, p107 and p130 (Id2; Iavarone et al., 1994; Lasorella et al., 1996) , and ETS family proteins, including Ets2 (Ohtani et al., 2001) . Expression and effects of Ids have been examined in the commitment and differentiation stages of B and T cells, as well as in pancreatic, nerve, and muscle cells. In KC, Id1 and Id3 have been shown to delay or eliminate senescence by suppressing the p16/Ink4a promoter (Alani et al., 1999; Nickoloff et al., 2000) , relieving the inhibition of cyclin D/cdk4/6, and allowing Rb phosphorylation and subsequent progression to S phase.
In the present study, downstream events related to UVB-induced modulation of Id expression in primary versus immortalized KC were assessed. We demonstrate for the first time striking differences in the effects of ectopically expressed Id3 in these cells. Ectopic expression of Id3 induced apoptosis in immortalized, but not in primary KC, partially recapitulating the differential effects of UVB on these cells. Id3 overexpression in immortalized KC induced activation of Bax, an effect that was blocked by coexpression with the Bax antagonist Bcl2. We also observed the activation of caspases-9 and -3, consistent with a caspase-9-mitochondrial pathway. Stable expression of a DN inhibitor of caspase-9 blocked Id3-induced apoptotic nuclear fragmentation, indicating that caspase-9 is essential in mediating the response of KC to increased Id3 levels. Interestingly, siRNA-mediated reduction of Id3 expression abrogated the UVB-induced apoptosis in these cells. Id3 thus has potent transient effects on immortalized KC that mimic those of UVB, and sensitization of immortalized KC to UVB may be mediated in part by Id3.
Results

UVB upregulates Id3 expression in HPV16
E6/7-immortalized, but not primary KC Compared to primary KC, immortalized (p30) E6/7-expressing KC were exquisitely sensitive to UVBinduced apoptosis (Simbulan-Rosenthal et al., 2002) . DNA microarray analysis revealed that whereas UVB induced a downregulation of Id1 in both cell types, expression of Id2 was upregulated by 10-to 19-fold in primary KC, but not in immortalized cells. On the other hand, expression of Id3 was upregulated fivefold in the immortalized cells (Simbulan-Rosenthal et al., 2005) . Consistent with these results, the increased expression of Id3 in immortalized cells, but not in primary KC, was confirmed by RT-PCR analysis ( Figure 1a) and at the protein level after immunoblot analysis (Figure 1b) . A marked increase in transcript levels of Id3 in immortalized KC, as shown by RT-PCR analysis correlates with increased abundance of Id3 protein in these cells in response to UVB exposure. In contrast, there were no differences in mRNA or protein levels of GAPDH, as normalization or loading control, in both cell types before or after UVB exposure.
Ectopic expression of Id3 protein in immortalized KC induces caspase-3-mediated apoptosis To further delineate the role of Id3 in the regulation of UVB-induced apoptosis in primary and immortalized KC, we next determined the effect of ectopic expression of Id3 proteins in these cells. Id3 expression vectors were constructed under the control of CMV promoter by inserting full-length coding regions of Id3 into the Xho/ Xba1 site of the mammalian expression vector pCMS-E green fluorescent protein (GFP), and KC were transiently transfected at high density with Id3 or with an pCMS vector alone (pCMS-EGFP). Immunoblot analysis with antibodies to Id3 of cell extracts derived 24 h after transfection confirmed the overexpression of Id3 in primary and immortalized KC (Figure 1c ). Visualization of GFP in transfected cells by fluorescence microscopy indicated a transfection efficiency of approximately B50%, essentially the same as transfection efficiencies with the vector alone; these values were confirmed by FACS analysis (data not shown).
Transfected cells were exposed to 480 J/m 2 UVB, and phosphatidylserine, exposed on the surface of early apoptotic cells, was detected by binding to Annexin V 24 h after UVB exposure by subjecting untreated and UVB-exposed cells to Annexin V-PE and 7AAD staining, followed by flow cytometry. Percentages of GFP-expressing cells that are positive for annexin V-PE staining (apoptotic) are shown in Figure 1d . In the absence of UVB, whereas overexpression of Id3 had no effect on primary KC, the percentage of apoptotic cells significantly increased from less than 20% in the control immortalized KC transfected with vector alone to more than 60% in Id3-overexpressing cells (Po0.01) (Figure 1d ). Id3 overexpression had no further effect on UVB-mediated apoptosis of immortalized KC possibly because maximal apoptosis has already been induced in these cells by either Id3 transfection or by UVB alone.
Because caspase-3 is a converging point for different apoptotic pathways (Nicholson et al., 1995) and, upon proteolytic activation, cleaves key proteins involved in the cell structure and integrity (Nicholson et al., 1995; Tewari et al., 1995; Casciola-Rosen et al., 1996; Song et al., 1996) , we next examined whether this caspase is involved in Id3-induced apoptosis. Transfected cells were analysed for proteolytic cleavage and activation of caspase-3 by immunoblot analysis with antibodies to the p17 subunit of active caspase-3. Compared with cells transfected with vector alone, Id3 overexpression induced the proteolytic processing of caspase-3 to its active p17 form in immortalized, but not primary KC even in the absence of UVB (Figure 1e ). Increased expression of Id3 therefore induces caspase-3-mediated apoptosis in immortalized KC.
Ectopic expression of Id3 in immortalized KC, with or without UVB exposure, also induced changes in Figure 1 Differential UVB-induced expression and effects of Id3 in primary and immortalized KC. (a) Cells were irradiated with 480 J/m 2 of UVB and, 4 h later, RNA was prepared and subjected to RT-PCR analysis with primers specific for Id3 or GAPDH as described in Materials and methods. (b) Cell extracts were prepared and subjected to immunoblot analysis with antibodies to Id3 or to GAPDH. The positions of the immunoreactive proteins as well as the molecular size standards are indicated. (c-e) Primary or immortalized KC were transfected with Id3 or pCMS-EGFP vector and exposed to UVB 24 h after transfection. Cell extracts were subjected to immunoblot analysis with antibodies to Id3 (c), or the p17 subunit of the active form of caspase-3 (e). Immunoblots were stripped of antibodies and reprobed with antibodies to GAPDH for loading control. The positions of these proteins as well as the molecular size standards (in kilodaltons) are indicated. (d) cells were assayed for GFP, annexin V-PE and 7AAD staining 24 h after UVB exposure by flow cytometric analysis. Percentages of GFP-expressing cells that are positive for annexin V-PE staining (apoptotic) are shown and presented as means7s.d. of three replicates of a representative experiment; essentially the same results were obtained in three independent experiments. ***Denotes Po0.001; **denotes Po0.01; *denotes Po0.05 for all figures.
Id3 mediates UVB apoptosis in HPV-immortalized keratinocytes CM Simbulan-Rosenthal et al nuclear morphology consistent with apoptosis as shown by Hoechst nuclear staining (Figure 2a ). The number of cells exhibiting chromatin condensation or apoptotic nuclear fragmentation increased from 10% in vectortransfected cells to 50% in cells transfected with Id3 even in the absence of UVB (Figure 2b ). Consistent with results of Annexin V staining, Id3 overexpression had no further marked effect on UVB-mediated apoptosis of immortalized KC indicating that these cells have been induced into maximal apoptosis by either Id transfection or by UV alone and that effects of UVB can be mimicked by overexpression of Id3. Quantification of these results showed that the percentage of cells exhibiting apoptotic nuclear fragmentation in Id3-GFP-positive cells was fivefold higher than that observed in Id3-GFP-negative cells (Po0.01). Together with our earlier data showing that immortalized KC induces Id3 expression in response to UVB ( Figure 1a ) and are more sensitive to UVB compared to primary KC (Simbulan-Rosenthal et al., 2002) , these results indicate that UVB-induced apoptosis of immortalized KC may be mediated by Id3.
Overexpression of Id3 induces activation of caspase-3 in intact immortalized KC as revealed by immunofluorescent microscopy We determined the sequence of events involved in Id3-induced apoptosis by performing cytochemical and immunofluorescent analysis to examine the expression of apoptotic markers within individual cells. Immortalized KC were transfected with Id3 or vector alone; cells were fixed after 24 h and subjected to immunofluorescent analysis. In addition to increased sensitivity, cytochemical staining and immunofluorescent labeling of individual cells allows colocalization of Id3-GFP, apoptotic nuclear morphology, and active caspase-3 in the same cells. To observe caspase-3 activation in cells after heterologous expression of Id3, we performed immunofluorescent staining utilizing specific antibodies directed against the cleaved p17 fragment of caspase-3, but not the full-length protein. Representative images show colocalization of Id3-GFP (left) with active caspase-3 (middle) and apoptotic nuclear fragmentation (right) in individual cells (Figure 3a upper panel). Cleaved active caspase-3 was detected in most Id3-GFP-positive cells exhibiting apoptotic nuclear morphology (arrows), but not in GFP-negative cells (arrowheads). In contrast, the GFP-positive cells in vector-transfected cells (left) did not exhibit any active caspase-3 (middle) nor apoptotic nuclear fragmentation (right) (Figure 3a lower panel). Quantification of these immunofluorescent results showed that the percentage of cells with active caspase-3 was 0.3% in GFP-negative cells, significantly less than that induced by Id3 overexpression in GFP-positive cells (66%, Po0.01; Figure 3b ). Id3 expression therefore correlates with activation of caspase-3 and apoptotic nuclear fragmentation. Consistent with the fluorometric DEVDase assays and immunoblot analysis, these results suggest that increased Id3 expression induces a caspase-3-mediated apoptotic response in immortalized KC.
Id3-induced apoptosis in immortalized KC proceeds via a caspase-9-dependent pathway We previously found that, compared to primary KC, immortalized cells were sensitized to UVB-induced apoptosis, possibly representing a transient regressionprone intermediate stage equivalent to an AK. Although caspases-3 and -8 were proteolytically activated after UVB exposure in both primary and immortalized KC, caspase-9 activation and downregulation of the antiapoptotic Bcl2 protein occurred earlier and at a lower UVB dose than that of caspase-8 only in immortalized cells, suggesting that immortalization sensitizes cells to UVB by switching from a caspase-8 to a caspase-9-mediated pathway of apoptosis (Simbulan-Rosenthal et al., 2002). Utilizing DN mutants of Id3 mediates UVB apoptosis in HPV-immortalized keratinocytes CM Simbulan-Rosenthal et al FADD, caspases-8 and -9, we further demonstrated that UVB-induced apoptosis in immortalized human KC proceeds via a death receptor-independent, caspase-9-dependent pathway (Daher et al., 2006) . To further examine whether the apical caspase-9 is activated during Id3-mediated apoptosis, as in the UVB response, we next performed immunofluorescent staining of cells with antibodies that recognize the active cleaved form of caspase-9 but not the full-length zymogen. Representative images show that cleaved active caspase-9 can be detected in most Id3-GFP-positive cells with fragmented nuclei (Figure 4a ; arrows), but not in GFP-negative cells (arrowheads). Quantification of the colocalization of Id3-GFP and active caspase-9 in the same cells after ectopic expression of Id3 revealed that 60% of Id3-GFP-positive cells have active caspase-9, compared to basal levels in Id3-GFP-negative cells (less than 1%; Figure 4b ), a difference that is highly significant (Po0.01). Id3-induced apoptosis therefore proceeds via a caspase-9-mediated pathway.
Expression of a DN form of caspase-9 abrogates Id3-induced apoptosis in immortalized KC To clarify whether the initiator caspase for the mitochondrial pathway, caspase-9, is indispensable for Id3-induced apoptosis, a retroviral construct constitutively expressing a DN caspase-9 (caspase-9-DN) was cloned and utilized. Caspase-9-DN was designed by introducing a point mutation in a critical position in the active site of the catalytic domain of caspase-9. Replacing the active site cysteine 287 with serine allows binding between caspase-9, Apaf1 and cytochrome c since the CARD domain of caspase-9 is present, but suppresses caspase-9 processing by forming an inactive apoptosome (Fearnhead et al., 1998) . Expression of caspase-9-DN titers the endogenous caspase-9, thus, blocking the mitochondrial pathway in apoptotic cells. The effects of stable expression of caspase-9-DN Figure 5b ). To further analyse the effect of caspase-9-DN on the proteolytic activation of caspase-3, immunofluorescence staining of LHCX or caspase-9-DN cells overexpressing Id3 was performed using an antibody specific for active caspase-3. In Id3-expressing LHCX cells, caspase-3 is proteolytically processed to its active form (upper panels), but this processing is markedly diminished in caspase-9-DN cells (lower panels) (Figure 5c ). These results together indicate that the mitochondrial pathway and caspase-9 activation is required and plays a pivotal role in Id3-induced apoptosis in immortalized KC.
Bax activation is necessary and occurs upstream of caspase-9 activation in Id3-induced apoptosis of immortalized KC Our previous results showed a downregulation of the antiapoptotic Bcl2 protein in immortalized cells, suggesting a mitochondrial pathway of apoptosis (Simbulan-Rosenthal et al., 2002) . DNA damage signaling to the mitochondria results in the release of cytochrome c and other apoptogenic factors (e.g. Smac/Diablo), which, together with Apaf-1 and ATP/dATP, triggers formation of the apoptosome and procaspase-9 activation; caspase-9 then cleaves and activates effector caspases-3 and -7, orchestrating downstream apoptotic events. The 'commitment' to the release of proapoptotic factors from the mitochondria depends primarily on the balance between pro-and antiapoptotic members of the Bcl2 family of proteins; Bcl2 and BclxL stabilize mitochondrial integrity, while Bax and Bak destabilize this organelle. Bax has been shown to be induced, and inserts into the mitochondrial outer membrane follow- Id3 mediates UVB apoptosis in HPV-immortalized keratinocytes CM Simbulan-Rosenthal et al ing UVB irradiation (Miyashita and Reed, 1995) . Conversely, Bcl2 overexpression in HaCaT cells blocks the effects of UVB-induced Bax activation, cytochrome c release and apoptosis. UVB-induced DNA damage can upregulate Bax via p53-dependent or p53-independent pathways (Shiloh, 2003; Van Laethem et al., 2004) . We next examined the involvement of the proapoptotic Bax in the Id3-induced death response by immunofluorescent staining of cells with antibodies that recognize the active form of Bax. Similar to caspases-3 and -9, Id3-GFP (left) also colocalized with active Bax (middle) and apoptotic nuclear fragmentation (right) in individual cells (Figure 6a upper panels). Most Id3-GFP-positive cells (arrow), but not Id3-GFP-negative cells (arrowheads), exhibited active Bax in a punctate staining pattern as well as apoptotic nuclear morphology (arrows). As expected, the GFP-positive cells in vector-transfected cells (left) exhibited neither active caspase-3 (middle) nor apoptotic nuclear fragmentation (right) (Figure 6a lower panels). More than 50% of Id3-GFP-positive cells exhibited active Bax, compared to only about 2% of Id3-GFP-negative cells (Figure 6b ). In addition, we found that B74 and 90% of cells with apoptotic nuclear morphology exhibited active caspase-9 and active Bax protein, respectively (data not shown), further implicating Bax and caspase-9 as important mediators in Id3-induced apoptosis of immortalized KC. To further clarify whether Bax activation is indispensable for Id3-induced apoptosis, immortalized KC were cotransfected with Id3 and the Bax antagonist antiapoptotic protein Bcl2. Cotransfection of Id3 with constructs expressing Bcl2 efficiently rescued cells from Id3-induced apoptosis, confirming a role for Bax activation in this apoptotic response. Immunofluorescent staining showing colocalization of Bcl2 protein and Id3-GFP, and markedly diminished apoptotic nuclear morphology (Figure 7a and b) indicates that Bax activation is indispensable for Id3-induced apoptosis. The execution of Id3-induced apoptosis therefore requires a mitochondrial-driven pathway that depends on Bax and caspase-9 activation.
Ectopic expression of Id3 and UVB induces a downregulation of Bcl-2 and upregulation of Bax expression in immortalized KC
To further clarify the potential mechanism(s) by which Id3 protein may activate Bax, KC were transiently transfected at high density with Id3 or with the pCMS vector alone (V), and cells were exposed to the indicated doses of UVB. Immunoblot analysis of cell extracts derived 24 h after exposure with antibodies to Id3 confirmed Id3 overexpression in the cells prior to and after UVB exposure at all doses tested (Figure 8a ). The immunoblots were stripped of antibodies and also analysed for proteolytic cleavage and activation of caspase-3 by reprobing with antibodies to the p17 subunit of active caspase-3. Consistent with our previous results, compared with cells transfected with vector alone, Id3 overexpression induced the proteolytic processing of caspase-3 to its active p17 form in the absence of UVB. UVB exposure of Id3-overexpressing cells further increased caspase-3 processing in a dosedependent manner. As expected, UVB exposure of control vector-transfected cells also upregulated Id3 expression at higher UVB doses, coinciding with caspase-3 activation, whereas there were no differences in GAPDH levels (loading control) in Id3-and vectortransfected cells before or after UVB exposure.
As a modulator of transcription factors, Id3 could potentially activate Bax and mediate the effects of UVB by upregulating expression of Bax itself, by downregulating Bax antagonists Bcl2, or via BH3-only proapoptotic proteins, which can induce the oligomerization of Bax. We thus investigated the effects of ectopic expression of Id3 or UVB on the levels of Bcl2 family members, including the antiapoptotic Bax antagonists Bcl2, BclxL and Mcl-1, as well as the proapoptotic Bax and Bak, and BH3-only proteins Bid, 
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Noxa, Puma, Bad and Bim (Figure 8b) . The immunoblots in Figure 8a were sequentially stripped and reprobed with antibodies to these Bcl2 family members. Consistent with our previous results, UVB exposure of both Id3 and vector-transfected cells resulted in downregulation of Bax antagonists Bcl2, BclxL which runs as a doublet as the result of phosphorylation or deamidation (Takehara and Takahashi, 2003) , and Mcl-1. However, ectopic expression of Id3 by itself had no effect on Bcl2 and BclxL in the absence of UVB, thus discounting downregulation of these proteins as a mechanism for Id3-induced Bax activation. Mcl-1 was slightly downregulated by Id3, and by UVB only at higher doses. The BH3-only proteins Noxa (Figure 8b ), as well as Puma, Bad or phospho-Bad, and Bim (data not shown) were expressed at barely detectable levels in immortalized KC (compared to positive control Jurkat cells), and their levels were not significantly altered by ectopic expression of Id3 or by UVB exposure, suggesting that Id3-induced Bax oligomerization does not occur via BH3-only proteins. Bid, another BH3-only protein, was upregulated by UVB exposure at 120-240 J/m 2 , but Id3 by itself had no effect on Bid expression or cleavage to the active tBid form. On the other hand, the expression of Bax and Bak were both induced by ectopic expression of Id3 in the absence of UVB. In addition, Bax expression was significantly upregulated by UVB at the lowest dose, increasing substantially in a dose-dependent manner. These results indicate that Id3 may induce Bax oligomerization and activation by upregulation of Bax expression itself, and not via downregulation of Bax antagonists Bcl2 and BclxL, or via the BH3-only proapoptotic proteins examined in this study. Immortalized KC were transfected with Id3 or pCMS-EGFP vector, and exposed to indicated UVB doses 24 h after transfection. Cell extracts were derived and subjected to immunoblot analysis with antibodies to Id3, the p17 subunit of the active form of caspase-3, or to GAPDH for loading control (a). Immunoblots were further sequentially stripped of antibodies and reprobed with antibodies to Bcl2 family members, including Bcl2, BclxL, Mcl-1, Bid, Bax, Bak and Noxa (b). The positions of these proteins as well as the molecular size standards (in kilodaltons) are indicated. Immunoblot analysis of the cells 48 h after transfection with these siRNAs showed that protein levels of Id3 was effectively and consistently reduced in the cells with one of the Id3 siRNAs, which was therefore used in subsequent experiments. Whereas no transfection or transfection with control siRNA had no significant effect on levels of Id3 protein, transfection with Id3 siRNA resulted in >75% downregulation of Id3 expression (Figure 9a ).
To examine the effects of Id3 siRNA on UVBinduced apoptosis in immortalized KC, cytosolic extracts were derived 0, 16 and 24 h after 480 J/m 2 UVB exposure and caspase-3 activity was assessed as a marker of apoptosis by quantitative fluorometric analysis with Ac-DEVD-AMC as a substrate. UVB exposure of E6/7 immortalized KC resulted in a significant increase (two-to threefold) in the caspase-3 activity of control untransfected or control siRNAtransfected cells. However, transfection with Id3 siRNA suppressed the caspase-3 activation after UVB exposure. Thus, siRNA targeting Id3 efficiently reduces Id3 protein, which attenuates UVB-induced caspase-3 activation (Figure 9b) .
We next analysed whether transfection of Id3 siRNA could suppress the proteolytic processing of procaspase-3 into its catalytically active form. Immunoblot analysis using an antibody specific for the p17/p20 subunits of active caspase-3 revealed that UVB exposure of control siRNA-transfected or untransfected immortalized KC induces increased processing of procaspase-3 into the active p17/p20 forms (Figure 9c) . Consistent with the results of fluorometric caspase-3 activity assays, this processing was almost completely suppressed in cells transfected with Id3 siRNA after UVB exposure. Reduction of Id3 protein expression by siRNAs therefore inhibits UVB-induced proteolytic processing of caspase-3 in immortalized KC, suggesting that UVB-induced apoptosis of these cells is in part mediated by Id3.
Discussion
We have shown that Id3 is strongly upregulated at the mRNA and protein levels in immortalized, but not primary KC exposed to UVB. The UVB dose in the present study was 480 J/m 2 , representing UVB irradiance encountered from moderate sun exposure (equivalent to 2.3 times the minimal erythema dose, MED, or approximately 35 min midday summertime exposure in Baltimore, MD, USA; (Heisler et al., 2004) .
We showed that ectopic expression of Id3 induced apoptosis in immortalized KC. Apoptosis proceeded via the formation of Bax oligomers in the mitochondrial membrane as determined by colocalization of Id3 and active Bax in the same cells. In addition, ectopic expression of Bcl2 blocked the mitochondrial localization and activation of Bax, as well as all downstream apoptotic events. Id3 overexpression also correlated with the activation of caspases-9 and -3 within individual cells, while the expression of caspase-9-DN prevented the activation of endogenous caspases-9 and -3. Finally, transfection of siRNA targeted against Id3 significantly reduced activation of caspase-3. Taken together, these data indicate that Id3 is apical in a mitochondrial pathway of cell death induced by UVB.
These results are consistent with our finding that HPV16-immortalized KC undergo a mitochondrial pathway of apoptosis induced by UVB, due in part to the downregulation of Bcl2 (Simbulan-Rosenthal et al., 2002) , rendering cells more susceptible to apoptosis Id3 mediates UVB apoptosis in HPV-immortalized keratinocytes CM Simbulan-Rosenthal et al mediated by Bax. The commitment to apoptosis is dependent upon the relative levels of pro-and antiapoptotic members of the Bcl2 family. Thus, Id3 could potentially mediate the effects of UVB by modulating factors acting upstream of Bcl2, such as Bax itself, or via BH3-only proapoptotic proteins, which can induce the oligomerization of Bax. Our results indicate that Id3 may induce Bax oligomerization and activation at least in part by upregulation of Bax expression ( Figure 9 ). As a modulator of E-box-binding transcription factors, Id3 could potentially regulate the transcription of bax; the presence of 4 E-box elements in the human bax promoter supports this possibility (Mitchell et al., 2000) . In any case, our results with HPV16 E6/7 immortalized cells are consistent with those of previous studies in which Bax induction by UVB was found to occur by both p53-dependent and -independent pathways (Shiloh, 2003; Van Laethem et al., 2004) .
Id3, like other Id proteins, has been shown to interact with bHLH transcription factors, especially the E proteins, which include the E2A gene products E12 and E47, HeLa E-box binding protein and E2-2, and exhibit a wide tissue distribution, regulating the expression of genes containing E box (GANNTC) or N box (CACNAG) sequences (Murre et al., 1994) . Of considerable interest and relevance to our study is the observation that ectopic expression of Id3-induced p53-independent apoptosis and suppressed clonogenicity of primary rat embryo fibroblasts, while cotransfection with either Bcl2, BclxL or E47, a bHLH Id3-interacting transcription factor, blocked apoptosis and led to cell immortalization (Norton and Atherton, 1998) . A priori, Id3 regulation of Bcl2-or Bax-interacting pathways in their study, as in ours, might then be predicted to occur at some point via modulation of a bHLH transcriptional pathway. This has been shown to be the case in a previous study in which E2A À/À mice were shown to lack all B-lineage cells. In the same study, a more specific role for E2A proteins in the suppression of apoptosis was shown by expression of Id3 in E2A þ / þ B lymphocyte progenitors, which abolished E2A-binding activity and led to rapid apoptosis (Kee et al., 2001) .
Alternatively, E proteins, in addition to their role as transcription factors, may function as sinks for Id3, and greater Id3/E protein ratios may allow Id3 to exert its proapoptotic effects via non-E protein-related mechanisms. A similar scenario has been proposed to explain the role of Id2 in apoptosis, wherein Id2 is bound via its HLH domain (Iavarone et al., 1994) and sequestered by the hypophosphorylated pocket proteins Rb, p107 and p130 (Lasorella et al., 1996) ; higher Id2/Rb ratios then enhance Bax expression and apoptosis via an HLHindependent mechanism mediated by the N-terminal region of non-sequestered Id2 (Florio et al., 1998) .
Similar to its role in UVB apoptosis, Id3 has also been implicated in mediating apoptosis in response to cisdiamminedichloroplatinum (CDDP; cisplatin), another DNA-damaging agent. Cisplatin induced Id3 mRNA, and ectopic expression of Id3 sensitized the cells to cisplatin-induced caspase-3 activation and growth inhibition (Koyama et al., 2004) . The mechanism by which Id3 is in turn selectively upregulated by UVB is currently being investigated. Both Id3 protein and mRNA are upregulated, suggesting control at either the level of transcription or RNA processing/degradation. In the cisplatin study, Id3 was shown to be upregulated at the mRNA level in cisplatin-exposed cells (Koyama et al., 2004) , although the exact mechanism for its induction was not described. Similarly, Id3 was induced by reactive oxygen species (ROS) at the mRNA and protein levels in vascular smooth muscle cells (VMSC; Mueller et al., 2002) .
Taken together, our studies determined that upregulation of Id3 is a potential mechanism for the selective UVB sensitivity of immortalized KC. As such, Id3 may therefore represent a therapeutic target for the selective elimination of initiated precancerous or cancerous cells.
Materials and methods
Cell culture
Primary KC were derived from neonatal foreskins and grown in KSF medium supplemented with human recombinant EGF and bovine pituitary extract (Life Technologies Inc., Rockville, MD, USA). After infection with an amphotropic LXSN (Clontech) retrovirus expressing the HPV16 E6 and E7 genes, retrovirus-infected cells were selected in G418 (100 mg/ml) for 10 days, and G418-resistant colonies were pooled from each transduction and passaged every 3-4 days. Primary and HPV16 E6/7-immortalized p30 KC were grown under identical conditions to 70-80% confluency, and passaged at equal cell densities.
Plasmids and recombinant viruses, transfection, infection of KC with retroviral constructs For overexpression of the Id proteins, expression vectors were constructed under the control of a strong viral CMV promoter by inserting the full-length coding regions of Id3 cDNA into pCMS-EGFP (Clontech) at the Xho/Xba site or into the retroviral vector pLHCX. Correct insertion of the Id3 cDNA in the pCMS-EGFP vector was confirmed by digestion with Xho1 and Xba1 to yield 800 bp fragments corresponding to Id3 cDNA, as well as by DNA sequencing. Cells were transiently transfected at high density with human Id3 expression vectors, with Bcl2 expression constructs (a kind gift from Dr Richard Youle, NIH), or with both, using Lipofectamine 2000 (Life Tech) according to manufacturer's protocols.
A replication-deficient recombinant retroviral construct expressing DN caspase-9 (caspase-9-DN) was constructed by subcloning the cDNA into the retroviral vector pLHCX. This retroviral construct, as well as empty vector pLHCX were then packaged and propagated in the amphotropic producer cell line fNX by transfection using Lipofectamine 2000 (Life Tech); viral supernatants were derived, filtered, and used to transduce immortalized KC. Retrovirus-infected cells were selected in hygromycin (10 mg/ml) for 10 days, and hygromycin-resistant colonies were pooled from each transduction and passaged every 4 days. Immunoblot analysis was performed on expanded pooled cells to confirm caspase-9-DN expression. confluency, trypsinized before UVB exposure, and replated at equal cell densities. After recovery, cells were irradiated with 480 J/m 2 UVB, using a UVB source with a peak wavelength of 312 nm (FS40 sunlamp (Philips) with a Kodacel cutoff filter (Kodak, France) to eliminate UV wavelengths shorter than 290 nm. At 24 h after UVB irradiation, cells were harvested for further analyses. Irradiation intensity was monitored by IL1400A radiometer/photometer.
Reverse transcription-polymerase chain reaction (RT-PCR) Unique oligonucleotide primer pairs for Id3, and GAPDH mRNA were designed and prepared. RT-PCR was performed with total RNA, purified from cell pellets with Trizol Reagent (Gibco BRL), utilizing a Perkin-Elmer Gene Amp EZ rTth RNA PCR kit. The reaction mix (50 ml) contained 300 mM each of dGTP, dATP, dTTP and dCTP, 0.45 mM of each primer, 1 mg of total RNA and rTth DNA polymerase (5 U). After RNA was transcribed at 651C for 40 min, DNA was amplified by an initial incubation at 951C for 2 min, followed by 30 cycles of 951C for 1 min, 601C for 1.5 min, and 651C for 0.5 min, and a final extension at 701C for 22 min. PCR products were then separated by electrophoresis in a 1.5% agarose gel and visualized by ethidium bromide staining.
Immunoblot analysis SDS-PAGE and transfer of separated proteins to nitrocellulose membranes were performed according to standard procedures. Ponceau S (0.1%) staining of membranes was performed to verify equal loading and transfer of proteins. Membranes were then incubated with antibodies specific to Id3, to the p17 subunit of caspase-3 (each at 1:100 dilution; Santa Cruz Biotech), to GAPDH for loading control (1:1000; Abcam), to Bcl2, Bax, Bak, Puma (each at 1:200; Cell Signaling), to BclxL, Bad (1:500 BD Biosciences), to Mcl-1, Bim, Bid (1:1000; Trevigen), or to Noxa (1:200; Imgenex). Immunoblots were sequentially stripped of antibodies and reprobed with other antibodies. Immune complexes were detected by incubation with appropriate horseradish peroxidase-conjugated antibodies to mouse or rabbit IgG (1:3000) and enhanced chemiluminescence (Pierce).
Flow cytometry and annexin V staining For apoptosis assays, floating and attached cells were harvested and pooled at indicated times after UVB exposure, and stained with Annexin V-PE for detection of cell surface phosphatidylserine in early apoptotic cells (Biovision) and 7-actinomycin D for late apoptotic cells (7AAD; Sigma) according to manufacturer's specifications. Flow cytometric analysis on cells gated for GFP-positive fluorescence was then performed on a Becton-Dickinson FACStar Plus flow cytometer equipped with a 100 mW air-cooled argon laser.
Immunofluorescence staining for markers of apoptosis on KC Cells were grown on gelatin-coated coverslips, transfected with Id3 and/or Bcl2, and subjected to analysis for markers of in vivo apoptosis by indirect immunofluorescence microscopy utilizing antibodies to the active form of caspase-3 (Cell Signaling), caspase-9 (Calbiochem), or Bax (Alexis Biochem). In brief, cells were fixed in 4% paraformaldehyde in PBS, washed in PBS, blocked with 10% goat serum for 30 min, and incubated overnight in a humid chamber at RT with antibodies to active caspase-3 or to active caspase-9 (1:100 and 1:20 dilution in 10% goat serum, respectively). After a PBS wash, slides were incubated with biotinylated anti-rabbit IgG (1:1000 dilution; 30 min), washed, and then incubated with streptavidin-conjugated Texas red (1:1000 dilution; 30 min). For detection of active Bax, fixed cells were incubated overnight with anti-Bax (1:500 dilution), washed in PBS, and further incubated with mouse IgG conjugated to rhodamine (1:1000; 30 min). Cells were finally mounted with antifade mounting medium (Molecular Probes). Controls with the primary antibody omitted were utilized to confirm specificity of antibody binding and immunofluorescent labeling. For detection of apoptotic nuclear morphology, cells were fixed for 10 min in PBS containing 4% formalin, washed with PBS, and stained with Hoechst 33258 (24 mg/ml) in PBS containing 80% glycerol. For simultaneous detection of GFP and Hoechst staining, cells were fixed in 4% paraformaldehyde in PBS prior to staining with Hoechst. Nuclear morphology or immunofluorescence was observed with an Olympus fluorescence microscope equipped with a cooled CCD camera. For quantification of these results, from 200 to 1000 cells in 10 randomly selected microscopic fields were counted in a blinded manner to score the percentage of apoptotic cells in each treatment group.
Fluorometric assay of caspase-3 activity Cytosolic extracts were derived from pooled floating and attached cells and subjected to fluorometric caspase-3 activity assays using fluorescent tetrapeptide substrate specific for caspases-3 (Ac-DEVD-aminomethylcoumarin (AMC), BioMol) as previously described (Simbulan-Rosenthal et al., 2002) . Free AMC, generated as a result of cleavage of the aspartate-AMC bond, was monitored over 30 min with a Wallac Victor 3 V fluorometer (Perkin-Elmer) at excitation and emission wavelengths of 360 and 460 nm, respectively. The emission from each sample was plotted against time, and linear regression analysis of the initial velocity (slope) for each curve yielded the activity.
siRNA construction and transfection siRNA was synthesized according to protocols for the Silencer siRNA Construction Kit (Ambion Inc.). The following sequences for Id3 were used for the sense and antisense templates, respectively; 5 0 -AAAGTCAGTGGCAAAAGCTCCCCTGTCTC-3 0 and 5 0 -AAGGAGCTTTTGCCACTGACTCCTGTCTC-3 0 . Immortalized KC were transfected for 4 h with 140 mg of the synthesized Id3 siRNA or a control siRNA using oligofectamine (Invitrogen). Cells were then incubated for 48 h and exposed to UVB radiation (480 J/m 2 ). Cell extracts from floating and attached cells were then derived 24 h following the UVB exposure and subjected to immunoblot analysis and apoptosis assays.
Statistical analysis
For caspase activity assays and quantification of data derived from immunofluorescence experiments, data from three experiments were compared using two-way ANOVA tests for significance. P-values of o0.05 were considered statistically significant. The results are representative of at least three independent experiments with reproducible results.
Abbreviations AK, actinic keratosis (es); DN, dominant-negative; GFP, green fluorescent protein; HLH, helix-loop-helix; HPV, human papillomavirus; Id, inhibitor of differentiation/DNA binding; KC, keratinocyte(s); RT-PCR, reverse transcriptionpolymerase chain reaction; SCC, squamous cell carcinoma(s).
